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CONSEQUENCES OF MACROPHAGE DEATH
Macrophages play crucial roles as a primary line of defense against infectious pathogens and foreign material and by ridding tissues of apoptotic debris. However, under pathological conditions, macrophages can promote a number of important disease processes, including insulin resistance, cancer, and atherosclerosis (1, 2) . In the case of atherosclerosis, the topic of this review, a macrophagedominant maladaptive inflammatory response develops as a reaction to the subendothelial retention and modification of apolipoprotein B-containing lipoproteins (3) . In all stages of atherosclerotic lesions, activated macrophages, probably dominated by the "classically" activated M1 subset (4), secrete inflammatory cytokines and other molecules that contribute to lesion progression (5) . Therefore, processes that increase macrophage accumulation in lesions, notably influx and proliferation, can promote lesion development, while those that decrease macrophage accumulation, such as apoptosis coupled with phagocytic clearance and macrophage egress, can retard lesion progression. In advanced lesions, macrophage apoptosis is not properly coupled with phagocytic clearance, and so in this setting macrophage death is associated with a detrimental role: plaque necrosis (6, 7) . This process leads to expansion of the necrotic core of advanced plaques, which contributes to plaque disruption and acute thrombosis (8) . Thus, depending on the efficiency of apoptotic cell clearance, macrophage death can be a process that limits lesion cellularity or promotes plaque necrosis. In this review, we summarize the evidence supporting this dichotomous model of lesional macrophage death and discuss new concepts related to mechanisms of macrophage apoptosis and phagocytic clearance of apoptotic cells.
Macrophage death as a factor that limits lesion cellularity
Macrophage apoptosis occurs during all stages of atherosclerosis (9, 10) . Apoptotic cells have been identified in vivo using a variety of techniques, including annexin V staining, which is indicative of phosphatidylserine externalization; condensed nuclei; terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL), which signifies DNase-mediated DNA fragmentation; and caspase activation. Over the last few years, mouse models have been developed to explore the functional consequences of macrophage death in atherosclerosis. In early lesions (i.e., prior to necrotic core development), there is an inverse relationship between macrophage apoptosis and lesion size. For example, reconstitution of APOE*3-Leiden mice with p53 2/2 bone marrow resulted in re-duced macrophage apoptosis, while macrophage content and lesion area were significantly increased (11) . Another study demonstrated reduced macrophage apoptosis and increased lesion size in Ldlr 2/2 mice reconstituted with Bax-deficient bone marrow (12) . The beneficial aspect of early lesional macrophage death has also been documented using mice deficient in the prosurvival molecule AIM (apoptosis inhibitor expressed by macrophages; also called Spa or Api6). This study found that Aim 2/2 ;Ldlr 2/2 macrophages were more susceptible to oxLDL-induced apoptosis, and double knockout mice exhibited accelerated macrophage death and a significant reduction in early lesion area (13) . Taken together, these findings support the concept that macrophage apoptosis in early lesions is beneficial by suppressing lesion cellularity.
Macrophage death as a factor that promotes advanced plaque necrosis As a prelude to this section, we wish to clarify the use of the term "necrosis" when referring to processes related to advanced atherosclerosis. On a cellular level, "necrosis" refers to a type of cell perturbation in which membranes become leaky and organelles swell, ultimately leading to cellular death. In vivo, cell necrosis can result when apoptotic cells, a programmed form of cell death in which membranes are initially intact and organelles are condensed, are not rapidly ingested by neighboring phagocytes. When this happens, the noningested apoptotic cells eventually become leaky and swollen. This type of cell death is often called "postapoptotic," or "secondary," necrosis. At a tissue level, "necrosis" refers to collections of cell debris resulting from necrotic cell death. For example, in tuberculosis this process is referred to as "caseating necrosis." For the purpose of this review on atheromata, we refer to cell necrosis as "postapoptotic macrophage necrosis" and tissue necrosis as "plaque necrosis." "Necrotic core" is often referred to in the literature as "lipid core," because the dying macrophages are filled with lipid, mostly cholesterol, which becomes incorporated as extracellular lipid into the areas of plaque necrosis.
Observational studies of advanced atherosclerotic lesions have shown that apoptotic macrophages accumulate in focal areas surrounding the developing necrotic core (14) . Rather than simply "guilt by association," the fact that necrotic cores contain predominantly macrophage debris has given rise to a concept alluded to above, namely, that plaque necrosis develops as a direct consequence of postapoptotic macrophage necrosis (7, 14) . The necrotic debris is a source of proinflammatory stimuli and proteases and thus can elicit an inflammatory response and cause damage to nearby cells. These events, together with stresses on the fibrous cap caused by the physical nature of the necrotic core (15) , can contribute to fibrous cap rupture, exposure of tissue factor, and subsequent lumenal thrombosis (7) (Fig. 1) .
To support this overall concept using a molecular and genetic approach, investigators have turned to mouse models in which proteins involved in macrophage apoptosis have been genetically altered. Because the traditional models of murine atherosclerosis, namely, Western diet-fed Apoe 2/2 and Ldlr 2/2 mice, do not develop plaque disruption or acute thrombosis, advanced lesional macrophage apoptosis and plaque necrosis are often used as endpoints to test causation.
As will be discussed in more detail later, endoplasmic reticulum (ER) stress is a likely factor that promotes advanced lesional macrophage death. Markers of ER stress have been shown to occur in advanced atherosclerotic lesions of human and mouse, and thin or ruptured advanced human plaque have the highest accumulation of The overall effect is a reduction in lesion cellularity and size. In advanced lesions, the apoptotic macrophages are not efficiently cleared by efferocytosis. The apoptotic macrophages that accumulate eventually undergo secondary necrosis. The buildup of necrotic debris promotes inflammation, plaque instability, and acute thrombosis.
ER-stressed macrophages (16) (17) (18) (19) . These ER-stressed macrophages occur in areas of high TUNEL reactivity (18) . Moreover, recent studies designed to look at the contribution of the ER stress pathway to macrophage apoptosis have shown a correlative relationship between macrophage death and necrotic core development. For example, macrophages with haploinsufficiency of the cholesterol trafficking protein NPC1 are protected from apoptosis induced by unesterified cholesterol, an ER stress-inducing agent (16, 20) . When compared with Apoe 2/2 mice, Npc1 1/2 ;Apoe
have a marked reduction in apoptosis and necrotic area (20) . A similar reduction in macrophage apoptosis and plaque necrosis was observed using Ldlr 2/2 mice reconstituted with Stat1 2/2 bone marrow (21) . STAT1 is a transcription factor that is phosphorylated and activated in human plaques and is necessary for ER stress-mediated macrophage apoptosis in vitro (21) . As another example, thiazolidinediones have recently been shown to enhance ER stress-induced macrophage apoptosis in vitro. When administered to nondiabetic LDL receptor-deficient mice with pre-established nonnecrotic lesions, there was a substantial increase in lesional macrophage apoptosis and enhanced plaque necrosis (22) . In yet another example, in vitro studies have shown that macrophages with defective insulin signaling, including those from insulin-resistant mice, are more susceptible to ER stress-induced apoptosis (23) . When Ldlr 2/2 mice were reconstituted with insulin receptor-deficient bone marrow as a proof-of-concept model of macrophage insulin resistance, an increase in advanced lesional macrophage apoptosis and plaque necrosis was observed. These combined data provide strong evidence in support of the hypothesis that macrophage apoptosis in advanced atheromata promote plaque necrosis.
The role of efferocytosis in modulating plaque necrosis
As described above, whether apoptosis leads to a decrease in cellularity or an increase in tissue necrosis depends to a large extent on the efficiency of apoptotic cell clearance by phagocytes, a process known as efferocytosis (24, 25) . In early atherosclerotic lesions, low levels of apoptotic macrophages suggest a normal or unperturbed efferocytic process (9) . However in advanced lesions, the large number of apoptotic macrophages that accumulate almost certainly suggests perturbed efferocytosis even if the rate if apoptosis were also increased. Indeed, recent work by Schrijvers et al. (6) has demonstrated that efferocytosis is defective in advanced lesions. In vitro work has also shown that modified lipoproteins such as oxidized-LDL, which are abundant in advanced plaque, inhibit efferocytosis (26) . Apoptosis may also be influenced by the stage of lesion progression. For example, as the necrotic core develops and cellular debris accumulates, the macrophage environment becomes enriched in proinflammatory cytokines and pattern recognition receptor ligands that, as discussed in more detail in the following section, may further enhance macrophage death. Therefore, necrotic core development likely occurs through the combination of defective efferocytosis and enhanced macrophage death (7) . The importance of efferocytosis has recently been documented using in vivo mouse models that are deficient in efferocytic receptors. Two independent studies have shown that deficiency of Mertk, a phagocytic receptor for apoptotic cells, leads to a marked increase in apoptotic macrophages in lesions and enhanced plaque necrosis (27) (28) (29) . Similar results of enhanced apoptotic macrophage accumulation and necrosis were also shown with deficiencies of other molecules thought to play roles in efferocytosis, including apolipoprotein E, Fas, transglutaminase-2, complement protein C1q, and lactadherin (28) .
MECHANISMS OF MACROPHAGE DEATH
Induction of macrophage apoptosis in atherosclerotic lesions likely involves the chronic, cumulative effect of several subtle, subthreshold "hits" rather than a single acute, catastrophic event. Examples of proapoptotic processes that occur in atheromata are oxidant stress (30), high concentrations of cytokines such as TNFa (31), unesterified cholesterol or oxysterols (16, 18) , oxLDL, activation of the Fas death pathway by Fas ligand (32) , and ER stress (16) (17) (18) (19) (Fig. 2) . ER stress in particular, through activation of the unfolded protein response (UPR), is strongly correlated with advanced lesional macrophage apoptosis and plaque necrosis in murine lesions and in human coronary artery vulnerable plaques (16) (17) (18) (19) .
The roles of ER stress and pattern recognition receptors in advanced lesional macrophage apoptosis
The UPR exists as a means to protect cells from the accumulation and detrimental effects of misfolded proteins and therefore functions in normal physiology as an adaptive survival pathway (33) . In particular, when misfolded proteins accumulate, a unique set of signal transduction events take place to simultaneously halt further protein translation and up-regulate chaperones and transcription factors that serve to increase the capacity for the ER to process client proteins. When the amount of misfolded proteins exceeds the capacity for proper protein folding, or are not degraded through the ER-associated degradation pathway, apoptosis can ensue. Apoptosis in this context is highly dependent on prolonged expression of the UPR effector CHOP (Gadd153) (16, 34) .
There are many potential causes of ER stress in atherosclerotic plaques that are likely to influence advanced plaque progression. Examples of athero-relevant ER stress inducers include oxidant stress and peroxynitrite (30); insulin resistance (23); glucosamine (35) ; saturated fatty acids (36); hypoxia (37); homocysteine (38) ; oxidized phospholipids (17) ; oxysterols such as 7-ketocholesterol (18); serum starvation; and unesterified cholesterol accumulation from the uptake of modified, aggregated, and remnant lipoproteins (16, 34) . However, because ER stress is usually a protective response, high levels and prolonged activation of ER stress would be needed to induce apoptosis. A more likely scenario that may be occurring in advanced lesional macrophage apoptosis is that more physiologic levels of ER stress combine with one or more additional noxious hits to trigger apoptosis. In vitro work has supported this concept by showing that additional hits can enhance macrophage apoptosis during low levels of ER stress.
One category of atherosclerosis-relevant "second hits" that trigger apoptosis in macrophages undergoing lowlevel ER stress is engagement of pattern recognition receptors (PRRs). PRRs are cell-surface receptors that bind pathogens, foreign antigens, endogenous proteins, and modified lipids through their ability to recognize a variety of structural or molecular motifs called pathogen-associated molecular patterns (PAMPs). Examples of PRRs include scavenger receptors and toll-like receptors (TLRs). When cells, particularly macrophages, bind PAMPs, inflammation, and other processes are triggered as part of an innate immunity host defense mechanism.
Many endogenous PRR ligands have been found to accumulate in atherosclerotic plaques and have the potential to contribute to macrophage apoptosis by acting as second hits during ER stress. Examples of ligands that trigger macrophage apoptosis during ER stress include lesion-modified forms of LDL, advanced glycation end-products, b-amyloid, and oxidized phosphatidylcholine, which engage scavenger receptors such as SRA and CD36 (34, 39) (T. Seimon and I. Tabas, unpublished data) (Fig. 2) . Mechanistic studies have shown that scavenger receptors and TLRs provide combinatorial proapoptotic signals that are necessary to trigger apoptosis in ER-stressed macrophages. Examples include the combination of SRA and TLR4 activation by SRA ligands (39) and the combination of CD36 and TLR2 activation by oxidized phospholipids (T. Seimon and I. Tabas, unpublished data). In the case of the SRA-TLR4 pathway, apoptosis is dependent on SRA-mediated suppression of the macrophage survival protein interferon-b and on TLR4-mediated activation of the proapoptotic signal transducer STAT1 (21, 39) .
Two in vivo causation experiments have provided support for this model. The key role of macrophage STAT1, which is activated in advanced human coronary atheromata, was recently demonstrated to have a causal role in advanced lesional macrophage apoptosis and plaque necrosis in Western diet-fed Ldlr 2/2 mice (21). More recently, we found that the combined deficiency of CD36 and SRA protected Apoe 2/2 mice from advanced lesional macrophage apoptosis and plaque necrosis ( J. TobinManning, K. Moore, T. Seimon, and I. Tabas, manuscript under revision). These data suggest that SRA and/or CD36 contribute to macrophage apoptosis and plaque necrosis in advanced lesions. Studies are currently underway to determine whether TLR2 or TLR4 can directly participate in macrophage apoptosis and necrotic core formation in vivo.
A possible teleology for induction of apoptosis in ER-stressed macrophages by PRR ligands
As mentioned above, ER stress is considered to be an adaptive pathway to protect macrophages from the increased burden of client protein overload. Thus, the ability to commit suicide during ER stress by simply engaging a subset of PRRs would seem counterproductive to the goal of keeping macrophages alive to fight infection. However, there are classes of infectious organisms that depend upon living macrophages to survive. Examples include viruses and intracellular bacteria, such as Mycobacterium tuberculosis and Brucella species (40, 41) . Thus, the triggering of apoptosis could actually be part of the innate host defense system to prevent chronic infection by these organisms. In this regard, there is evidence that intracellular organisms activate the UPR as a mechanism to support synthesis of pathogen proteins (41) (42) (43) , and these organisms also display PAMPs that can activate scavenger receptors and TLRs. Most interestingly, in vitro studies have shown that macrophage apoptosis is associated with control of infection by M. tuberculosis (40) , and genetic studies in mice have shown an association between resistance to infection by M. tuberculosis and induction of macrophage apoptosis (44) . Recent work from our lab has shown that TLR-dependent macrophage apoptosis induced by Mycobacterium is enhanced by ER stress (T. Seimon, I. Tabas, and C. Nathan, unpublished data). Although ER stress PRR-induced macrophage apoptosis may be a highly detrimental process in advanced atherosclerosis, a postreproductive disease with little or no evolutionary pressure, it may represent an evolutionarily conserved process that is important for host defense.
CONCLUSIONS AND FUTURE DIRECTIONS
Macrophage apoptosis in atherosclerotic lesions likely occurs through a combination of cellular stresses and events that differ depending on the stage of lesion progression. Apoptosis may be induced through a variety of ER stressors working alone or in combination with PRR ligands, or by the accumulation of additional cellular stresses such as oxidized lipids and death receptor ligands (Fig. 2) . The consequence of macrophage apoptosis, whether beneficial by suppressing cellularity in early lesions, or detrimental by contributing to necrotic core formation in advanced lesion, is likely dependent on the efficiency of lesional phagocytes to clear these dead cells. An important goal therefore is to determine the cause of defective phagocytosis in advanced lesions. Understanding the switch between the beneficial versus detrimental consequence of macrophage apoptosis, and whether the switch is driven by a defect in efferocytosis, remain crucial areas of future research into the cause of acute atherothrombotic vascular disease.
